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INTRODUCTION
Bismide alloys formed by dilute impurity concentrations of Bi atoms in GaAs are a rapidly emerging material system for the design of photonic devices [1] [2] [3] [4] [5] , photovoltaics [6] [7] [8] , spintronic devices [9] , and thermoelectric applications [10] . The experimental and theoretical investigations of both unstrained and strained bulk GaBi x As 1−x alloys have shown promising properties with increasing Bi fractions such as a large band gap reduction [5, [11] [12] [13] , a crossover between the band gap and spin split-off energies [12] [13] [14] , and the possibility of lattice-matched growth on a GaAs substrate [15] . These novel characteristics have sparked a remarkable experimental interest in designing devices based on GaBi x As 1−x /GaAs quantum well (QW) structures, which could offer optimised performance [3, [16] [17] [18] [19] [20] [21] [22] .
Despite significant ongoing experimental efforts [3, [16] [17] [18] [19] [20] [21] [22] on GaBi x As 1−x /GaAs MQW structures and supperlattices, the existing literature lacks theoretical guidance on the understanding and design of these nano-structures. To fully exploit the unique characteristics of GaBi x As 1−x /GaAs multiple quantum well (MQW) structures for a desired device operation, it is imperative to properly understand their properties in terms of geometry parameters and fluctuations in the spatial positions of Bi atoms (also known as alloy disorder). In particular, the interplay between the alloy disorder, interwell coupling and geometry parameters has not been studied in the literature and it is yet unknown which of these three effects will dominate and dictate the overall electronic and optical properties of MQWs. This work, based on large-scale atomistic simulations, provides key insights pertaining the role of alloy disorder in GaBi x As 1−x /GaAs MQW structures and the established knowledge will provide useful guidance to the ongoing experiments for the design of future devices with tailored functionalities.
In this work, we have investigated the impact of alloy disorder by performing a systematic set of large-scale atomistic tight-binding simulations. We first start with hypothetical ordered QW devices, which contain ordered (uniform) distribution of Bi atoms such as illustrated in Fig. 1 (b) . In the absence of disorder, the electronic properties of these devices are dictated by inter-well couplings. The confined charge carriers form strongly-coupled molecular states as evident from the electron and hole charge density plots shown in Fig. 1  (d) . By increasing the number of QWs from one to four and also by increasing the separation between the QWs from 2 nm to 16 nm, we thoroughly study the evolution of electronic states governed by the underpinning coupling effect. Next, we switch on disorder in the QW regions by randomly placing the same fraction of Bi atoms as depicted in Fig. 1 (a) . Keeping all other geometry parameters unchanged, a direct comparison with the ordered case reveals a strong impact of alloy disorder, which overcomes the coupling effect and dictates the confinement of charge carriers ( Fig. 1 (c) ). During the growth of QW devices, small uncertainties in the geometry parameters are inevitable. Therefore, we also study ±1 nm variation in QW width and 0.5% change in Bi composition. Our results indicate the dominant role of alloy disorder in spite of these fluctuations in the geometry parameters, confirming that the disorder related effects would control the electronic and optical properties of MQW structures under realistic experimental environments.
The study of alloy disorder for a realistic GaBi x As 1−x /GaAs MQW device is a challenging problem because it requires theoretical modelling with atomistic resolution and the simulations need to be performed over large size of supercells [14, 23] . Majority of the existing literature on bulk GaBi x As 1−x materials either rely on the simplified envelope wave function approximations such as effective-mass or k·p [3, 24] which ignore alloy fluctuations, or based on DFT simulations [25] [26] [27] [28] which are restricted to relatively small size of supercells due to the computational requirements. This work overcomes both challenges by establishing an atomistic tight-binding framework which FIG. 1. Ordered vs. disordered multiple quantum wells: (a,b) Schematic diagram illustrates the position and type of atoms in a (010)-oriented anion-plane of a disordered and an ordered quantum well structure. Both MQW structures consists of three GaBixAs1−x quantum wells, separated by GaAs spacer layers. The geometry parameters and the Bi compositions of the two MQW structures are identical, except the spatial distribution of Bi atoms in the QW regions. The MQW structure in (a) has Bi atoms randomly distributed in the QW regions (disordered alloy), whereas the MQW in (b) exhibits uniform distribution of Bi atoms (ordered alloy). The impact of fluctuations in Bi atom positions is clearly evident in the electron and hole charge density plots shown in (c) and (d) for the disordered and ordered cases, respectively. The ordered MQW structure shows strongly coupled charge carrier states, whereas the disorder overcomes the inter-well coupling effect leading to much stronger confinement of charge carriers (in particular the hole state) due to the formation of Bi pairs and clusters.
can simulate realistic GaBi x As 1−x MQWs with random placement of Bi atoms. Furthermore, the simulation domain in our work consists of several thousand atoms, capturing the true nature of disorder related effects. Figure S1 shows the schematic diagram of a GaBi x As 1−x /GaAs MQW structure.
METHODS

Geometry Parameters
In our study, a MQW device consists of n number of QWs separated by d nm thick GaAs spacer layers. To thoroughly investigate the effect of inter-well couplings, we have simulated MQW structures with n ∈ {1, 2, 3, 4}. The separation d between the QWs is selected as 4, 7, 11, 15, 21, and 29 monolayers (MLs), which is approximately 2, 4, 6, 8, 12, and 16 nm, respectively. The width w of each QW region is 15 MLs (≈ 8 nm). First, we have investigated inter-well couplings and alloy disorder effects based on uniform geometry parameters: w=8 nm and x=3.125% for all the QW regions in a MQW device. In the last part of our work, we investigate the interplay between alloy disorder and geometry parameters by introducing ± 2 MLs (1 nm) variation in w and 0.5% variation in x.
For the uniform geometry MQW devices, 128 As atoms are replaced by Bi atoms to form GaBi x As 1−x QWs with x=3.125% composition. To focus on the effect of inter-well couplings, we first switch-off disorder in Bi atom positions and uniformly place 128 Bi atoms in each QW regions. For the disordered devices, 128 Bi atoms are placed randomly inside each QW region. The random distribution of Bi atoms is dependent on a seed value input to a random number generator that determines the nature of anion atom (either Bi or As) at a given atomic location inside the supercell. Different seed values ensure different arrangements of the Bi atoms, resulting in different numbers and types of Bi pairs and clusters in the QW region. It is also noted that a different seed value is used for each QW region within the same MQW device -for example, for a double QW device (n=2), two different seed values were used for the two QW regions to ensure different configurations of Bi atoms. This set of two random distributions collectively is labelled as R1 to indicate a random configuration of the whole two quantum well device. For the computation of inhomogeneous broadening (∆λ) of electron and hole energies, we simulated five different sets of random configurations of Bi atoms (labelled as R1 to R5) for each MQW device.
It is important to simulate large size of supercell for proper modelling of the alloy disorder effects [14] . We have probed the electron and hole energies as well as the associated inhomogeneous broadening in those energies when the strained GaBi x As 1−x supercell size is increased from 1000 atoms to 512000 atoms [29, Section S1]. Our calculations show that the small size of supercells (< 4096 atoms) artificially modi- fies the electron/hole energies and enhance ∆λ values. By increasing the supercell size from 8000 atoms to 512000 atoms, we find that the electron and hole energies change by less than 1 meV and 10 meV respectively, whereas the value of ∆λ for the hole energies is roughly 27 meV in good agreement with the measured value of 31 meV [14] . We therefore believe that the supercell size of 8000 atoms or more is expected to provide a reliable estimate of the properties of strained GaBi x As 1−x alloys. In this work on MQWs, we have performed large-scale atomistic simulations consisting of several thousand atoms in the supercell, where each QW region consists of 8192 atoms.
The thickness of both GaAs substrate and capping layer is 29 MLs (≈ 16 nm) along the (001) direction, which is sufficient to allow proper strain relaxation. The overall size of the simulated supercell for the smallest MQW device (d=2 nm, n=2, w=8 nm) is 50×4×4 nm 3 consisting of 51,200 atoms, and for the largest device (d=16 nm, n=4, w=8 nm) is 112×4×4 nm 3 consisting of 114,688 atoms. The boundary conditions are periodic in all three dimensions.
Calculation of Strain Profiles
In order to calculate strain induced by latticemismatch between GaAs and GaBi x As 1−x materials, the GaBi x As 1−x /GaAs MQW supercells are relaxed by applying atomistic valence force field (VFF) energy minimization scheme [13, 30, 31] . The VFF parameters for GaBi and GaAs materials are provided in Ref. [13] . The values of α 0 and β 0 for the GaAs are taken from Lazarenkova et al. [31] , whereas for GaBi are determined by obtaining relaxed bond lengths in accordance with Kent et al. [32] .
After the VFF relaxation, the relaxed Ga-Bi bond-lengths are found to follow the trends of x-ray absorption spectroscopy measurements [13] . The strain tensor components ( xx , yy , zz , xy , yz , xz ) are computed from the relaxed bond-lengths of atoms [31] . The strain parameters of interest, which are directly related to the energy shifts in the conduction and valence band edges are hydrostatic ( H ) and biaxial ( B ) strain components, which are defined as follows [33] :
It should be noted that for a compressively strained heterostructure such as studied in this work, the hydrostatic strain will be negative introducing a reduction in electron energy levels and the biaxial strain will be positive, leading to a net increase in the hole energy levels [33] .
Calculation of Electronic Structure and Polarisation
Resolved Optical Transition Strengths
The electronic structure of MQW devices is computed from the nearest-neighbour ten-band sp 3 s * tight-binding (TB) theory, which explicitly include spin-orbit coupling. The TB parameters for GaAs and GaBi materials are derived [13] to accurately reproduce the bulk band structure of these materials [5] . In the existing studies on both unstrained and strained GaBi x As 1−x alloys, the tight-binding model has shown good agreement with the available experimental data sets [13, 14, 17, [34] [35] [36] [37] [38] as well as with the DFT calculations reported in the literature [25, 27, 28] .
By solving the tight-binding Hamiltonian, we obtain ground state electron and hole energies and the corresponding wave functions at the Γ point (k=0), which are labelled as |ψ e and |ψ h , respectively, and are defined as:
where the label i (j) represents the atom number inside the supercell and µ (ν) denotes the orbital basis states on an atom for the electron (hole) states. C e i,µ and C h j,ν are the coefficients of the electron and hole wave functions, respectively, computed by diagonalising the TB Hamiltonian.
The overlap between the electron and hole ground states is computed as follows:
The charge density plots of the electron and hole ground states as a function the distance along the (001) or z-axis are computed by calculating an average over the probability densities associated with all atom in the plane corresponding to each value at z-axis:
Note that we have only shown charge density plots for anion atom planes. The plots for cation atom planes exhibit similar behaviour [23] and are omitted for simplicity.
The inter-band momentum matrix elements between the ground electron and hole states is computed as follows [33] : (8) where α and β represent spin of states, H is the sp 3 s * tightbinding Hamiltonian, and − → n = − → n i − − → n j is the real space displacement vector between atoms i and j, and is either equal to − → x i − − → x j for the TE mode calculation or is equal to − → z i − − → z j for the TM mode calculation. The optical transition strengths (TE 100 and TM 001 ) are then calculated by using Fermi's Golden rule and summing the absolute values of the momentum matrix elements over the spin degenerate states:
The tight-binding model is implemented with in the framework of atomistic tool NanoElectronic Modeling (NEMO 3-D) simulator [39, 40] which has, in the past, shown an unprecedented accuracy to match experiments for the study of nano-materials [13, 14, 41] and devices [33, 42] .
RESULTS AND DISCUSSIONS
Effect of inter-well coupling in ordered MQWs
To investigate the inter-well coupling effect, we first artificially switch off alloy disorder by uniformly placing 128 Bi atoms in the QW regions (one Bi atom per four unit cells of GaAs). Fig. 3 (a-d) plots the strain profiles for the ordered QW devices along the (001) axis through the centre of QWs for n=1, 2, 3, and 4 respectively, and d=4 nm. The peaks indicate the accumulation of strain in the vicinity of Bi atoms. The positive (negative) sign of B ( H ) is due to the larger lattice constant of GaBi in comparison with GaAs, which is consistent with an existing study of III-V quantum dot heterostructure [33] . Overall we find that there is a small change in the hydrostatic and biaxial strain parameters when the number of QWs is increased. Fig. 3 (e) and (f) plots the lowest electron and the highest hole energies as a function of the QW separation for n= 1, 2, 3, and 4. As the separation between the QWs is reduced, the strong inter-well coupling leads to a decrease (increase) in the electron (hole) energies. To further study the strength of inter-well couplings as a function of d, we also plot line-cut profile of electron and hole charge (or probability) densities (computed by equations 6 and 7) as a function of distance along the (001) axis for a few selected inter-well separations. Fig. 3 (g) shows charge density plots for n=3 and 4, and the plots for n=1 and 2 are provided in the Ref.
[29, Section S2 and S3]. The strong inter-well coupling leads to hybridized bonding-like electron and hole states for the small inter-well separations (d=4 and 8 nm). The coupling effect becomes gradually weak as the separation between the QWs is increased from 12 nm to 16 nm. In particular, in Fig 3  (g) , the hole state is found to be completely de-coupled at 16 nm separation and is confined in the top-most QW region. This is due to the heavier effective-mass of holes which leads to stronger confinement effect, also previously observed in coupled quantum dots [43] . The electron states on the other hand experience relatively weaker confinement effect, and therefore become decoupled at around 24 nm separation. The overall shape and confinement of the electron and hole ground states for the ordered QW devices is consistent with what we expect from an envelope wave function approximation approach.
Disorder effects in realistic MQW structures
In realistic QW devices, random fluctuations in the spatial positions of Bi atoms inside the GaBi x As 1−x QW regions are expected and the recent experiments have shown the evidence of clustering of Bi atoms [44, 45] . Therefore it is crucial to investigate the effect of disorder to properly understand the experimental measurements and to design devices with desired functions. Here we study the effect of alloy disorder by randomly placing 128 Bi atoms (x=3.125%) in each QW region of a MQW structure. To properly model the disorder in Bi atom positions and to quantify the related inhomogeneous broadening of electron and hole energies, we consider five different sets of random placements for Bi atoms as defined earlier in the section 2.1. Fig. 4 (a-d) plots the strain profiles for one particular exemplary random distribution of Bi atoms, and for d=4 nm and n=1, 2, 3, and 4 (the plots for other Bi configurations exhibit similar profile). The distribution of strain peaks is arbitrary due to the random occurrence of Bi atoms at the As positions and clearly emulate the disordered character. Notably compared to the strain profiles for the ordered cases, the overall magnitude of the hydrostatic and biaxial strain components is reduced by approximately a factor of two. This is because for the ordered cases, each Bi atom is connected to four neighbouring As atoms and therefore exhibits large peaks in the strain profiles with the magnitude of strain components reducing to zero in-between the peaks. The disordered alloy is a mixed configuration of Bi atoms including pairs and clusters of Bi atoms. Therefore, the strain profiles exhibit smaller peaks but more distributed nature, and do not become zeros in-between the peaks. Overall we expect a stronger effect of strain on the electronic properties of MQWs in the presence of disorder, as will be shown later in this section where larger shifts in the electron and hole energies are computed for disordered cases compared to the corresponding ordered case. Fig. 4 (e) and (f) plots the lowest electron and the highest hole energies as a function of the QW separations (d) for n=1, 2, 3, and 4. Both, the electron and the hole energies, are broadened due to the presence of alloy disorder. The broadening (∆λ) of electron energies is very small (of the order of 1 to 2 meV), which is also nearly independent of n and d. The hole energies are significantly affected and show a much larger value of ∆λ. The magnitude of ∆λ for the hole energies is further highlighted in the Ref.
[29, Figure S4 ] for n=1, 2, 3, and 4 devices. Our results indicate that for the single QW devices, ∆λ is about 31 meV, which varies over a wide range (from 4 meV to 64 meV) for the studied MQW structures (n > 1). On average, we predict that a value of 10-40 meV is expected for ∆λ in the case of strongly-coupled MQW devices. The stronger disorder effect on the hole energies compared to the electron energies is expected because the Bi-related resonant states are predicted to lie closer to the valence band edge of GaAs, and therefore a strong bandanticrossing type interaction with the valence band edge will induce a correspondingly large disorder-related effect on the hole states [13, 23] .
In terms of electron and hole energy shifts, we find that the dependence of the electron energies on d is quite similar to what we computed for strongly coupled ordered QWs (decrease in energy when d is reduced), which again indicates that the disorder related effects are relatively weak for the electron states. When the number of QWs are increased from 1 to 4, the overall decrease in the electron energies is around 10 meV, which is same as observed earlier for the ordered QW devices (Fig. 3 (e) ). Disorder further increases the electron energies by about 1 meV. The hole energies on the other hand show large variations irrespective of d and n, and exhibit no coupling related trend. Therefore, we cannot characterize the change in the hole energies as increase or decrease as a function of d. The introduction of alloy disorder however causes a large upward shift of about 60 meV in the hole energies. Our results predict a net red shift in the ground state transition energies due to the alloy disorder in the MQW structures. Finally for all the MQW structures investigated in this work, we compute an overall band gap reduction as 53-74 meV per % Bi, which is in good agreement with the reported experimental values of 84-53 meV per % Bi [27, 46] .
Although the variation in the electron and hole energies provides some understanding of the impact of disorder, the electron and hole charge density plots exhibit much more clear picture of the overall electronic characteristics of MQW devices. Fig. 4 (g) shows the charge density plots for a few selected values of d and n and one particular random distribution of Bi atoms. Plots for other values of n and three sets of random distributions of Bi atoms (R1, R2, and R3) are provided in Ref.
[29, Section S4]. For reference, we also provide plots for the single QW devices in Ref.
[29, Figure S2 ]. The plots for the single QWs show that the hole states are significantly perturbed (much more confined), whereas the electron states largely retain their envelope wave function approximation type character. Strikingly for the coupled QW systems, we find that the electron states are also significantly perturbed and for some cases, their confinement is much stronger than what we expect solely based on the coupling effects. For example, in Ref.
[29, Figure S6 ] the confinement of the electron states for d=6 nm and n=3 is entirely in the upper two QW regions (for all three sets of random distributions of Bi atoms) indicating the breakdown of coupling effect. It is not possible to capture such character of electron states in simple theoretical models such as effective-mass or k·p, which ignore disorder.
A second consequence of the alloy disorder effects on the electron states is evident from the plots for d=16 nm case, where the electron states show single QW confinements in contrast to the ordered case where such confinement is possible at much larger values of d. Therefore we show that the existing notion, based on bulk alloy studies and single QW structures, that the alloy disorder negligibly impacts the probability density of conduction band states cannot be applied to MQW structures.
The hole states do not exhibit any coupling effect in the presence of disorder and are always strongly confined in a single QW region for all of the investigated MQW structures. Moreover, for the same Bi composition and QW geometry parameters, we find that the hole wave functions are confined in different QW regions just based on the variation in the atomic configurations of Bi atoms (see for example d=2 nm in [29, Figure S7] ). Based on our previous study [13] which demonstrated larger valence-band energy shifts and stronger hole state confinement in the presence of Bi pairs and clusters, we infer that the strength of disorder is stronger in the QW regions where the hole wave functions are confined. This arbitrary nature of hole confinements implies that the electron-hole wave function overlap would significantly vary from device to device even with the same set of geometry parameters: {x, n, d, and w}. This character is shown in the Ref.
[29, Figure S8 ], where we have plotted electron-hole wave function overlaps as a function of d for n=2, 3, and 4. For reference, we have also included values for the corresponding ordered cases. The ordered cases show an almost constant value of overlap for small values of d (strongly coupled regime), and a decrease as d becomes large. However, for the disordered cases, not only a significant reduction in the electron-hole wave function overlap is computed due to much stronger confinement of the hole states, but also there is a large variation in the magnitudes of the computed overlaps due to an arbitrary nature of the hole positioning inside the QW devices.
Polarisation-resolved optical transitions strengths
Following parameters contribute to the polarisationdependent TE and TM inter-band optical transition strengths between an electron and a hole states: (i) the overlap between the electron and hole wave functions, (ii) the coupling between QWs which increases TM mode, and (iii) the conventional selection rule which allows transitions between Eigen states of certain character. For a compressively strained QW such as GaBi x As 1−x /GaAs , the highest hole state will have heavy-hole type character and therefore TM mode transition is prohibited based on the selection rule. Indeed we find zero magnitude of TM mode transition for the ordered QW structures. The presence of disorder breaks down the coupling effect and the selection rule, allowing some mixing of p z (light-hole) character in the highest hole state [14] , giving rise to a small amplitude of TM mode transition as shown in Fig. 5 .
The magnitude of the TE mode transition is strongly dependent on overlap between the electron and hole wave functions. As we have discussed in the previous sections that the presence of disorder significantly perturbs the electron and hole states, leading to a strong confinement of hole states, which reduces electron hole wave function overlaps. Moreover the overlap between the electron and hole states exhibits a large variation. These two effects will not only reduce the overall strength of TE mode, but also cause a large variation in its magnitude. This is shown in Fig. 5 where we have plotted TE mode strengths as a function of the QW separations for n=2. Same plots for n=3 and 4 are provided in Ref.
[29, Figure S9 ]. For comparison, we also plot the corresponding values for the ordered cases. A clear reduction in the inter-band transition strengths is observed for the disordered structures. Large variations in TE mode are a direct consequence of highly confined hole states which lead to large variations in the wave function overlaps. Notably, we find that the spread of the TE mode variation is an order of magnitude, which is significantly higher than the single QW devices where the extent of this spread was about a factor of three [23] . This is due to the fact that for single QW device, electron wave function is negligibly perturbed and retains its envelope wave function approximation type character. Moreover both electron and hole states reside in the same QW region, therefore relatively small changes occur in the electron-hole wave function overlap. Contrarily for MQW structures, the stronger confinement of both electron and hole states, in conjunction with the arbitrary selection of a QW region for the hole confinement leads to a much larger variation in the inter-band transition strengths. It is also noted that we have only considered the lowest electron and the highest hole states in the calculations of TE and TM modes. However due to the breakdown of selection rule for disordered alloys, non-zero magnitude of TE mode transitions is expected between the lowest electron state and a few highest hole states [23] , which will further increase the broadening of TE mode transition energy and strength.
Interplay between disorder and geometry parameters
From Fig. 4 , it is clear that the presence of disorder strongly influences the electronic properties of MQW devices. However in our discussion so far, we have fixed the widths (w=8 nm) and Bi compositions (x=3.125%) of QWs. In a realistic experimental environment, these two geometry parameters are hard to control, and small variations are always FIG. 6 . Interplay between alloy disorder and geometry parameters: (a-e) The Bi fraction of a triple QW structure (n=3) is varied as indicated by labels {x1, x2, x3}, where x1,x2, and x3 are the Bi fractions of the lowest, middle and top QWs, respectively. The widths w of all three QW regions are 8 nm and the separation between the QWs is 4 nm. (f-j) The widths of QWs in a triple QW structure (n=3) are varied as indicated by labels {w1, w2, w3}, where w1,w2, and w3 are the widths of the lowest, middle and top QWs, respectively. The Bi fraction x of all three QW regions is 3.125% and the separation between the QWs is 4 nm.
observed. Therefore, it is important to investigate the alloy disorder effects in the presence of small variations in w and x.
Let's first investigate the Bi composition of QWs. For this purpose, we select an exemplary triple QW structure with d=4 nm and w=8 nm. The Bi compositions of three QWs in this device are represented by {x 1 , x 2 , x 3 }. Fig. 6 (a) plots the electron and hole charge densities for the reference case, where the compositions are uniform (x 1 = x 2 = x 3 =3.125%). The confinement of hole state in the lowest QW region indicates that the disorder is strongest in this QW region. It is known from the composition-dependence of electron and hole energies in bulk GaBi x As 1−x alloys that increasing x of a QW will increase (decrease) the valence (conduction) band energies for that particular QW [13] , thereby pulling the electron and hole states inside it. In Figs. 6 (b) to (d), we gradually increase the Bi composition of the topmost QW and plot the electron and hole charge densities. The electron charge density gradually moves towards the upper QWs, however the hole charge density remains confined in the lowest QW until x is increased by 0.25% or more. This shows that the alloy disorder effect is dominant over the Bi composition effect for up to 0.25% variation in x. The same results are obtained for a second case of a quadruple MQW structure discussed in Ref. [29, Section S5] . Note that we have chosen the extreme case by increasing x of the topmost QW region, when the hole state was confined in the lowest QW region. If instead x for the lowest QW is increased, the hole state will stay confined inside it and the electron state will also increasingly confine in the lowest QW. The same effect is shown in Fig. 6 (e) , where we have increased the Bi composition of the middle QW region compared to the part (d). The hole state remains confined in the upper-most QW indicating a strong disorder effect, but the confinement of the electron state slightly increases in the middle QW region.
Next, we investigate the fluctuations in the width of QW (w) by keeping the other parameters fixed at x=3.125%, d=4 nm. Fig. 6 (h) shows the reference case where all the three QWs have a uniform width of 8 nm. In conventional MQW structures, if the width of a QW region is increased (decreased), it reduces (increases) the confinement energies of charge carriers and therefore the ground electron and hole states will tend to reside in the larger width QW region [47] . However for highly mismatched alloys such as GaBi x As 1−x , if x is kept fixed, the increase (decrease) in the QW width will lead to a weaker (stronger) alloy disorder effect and therefore it will push the electron and hole ground states away from the larger QW region. Therefore changing the width of a QW introduces two competing effects (from disorder and from the change in confinement energies). This interplay between the two competing effects is observed in Figs. 6 (f-j) . When the QW width is decreased from 8 nm to 7 nm, both the electron and hole states moves into the smaller width QW indicating alloy disorder effect dominating the QW width effect. On the other hand, for the larger QW width (changing from 8 to 9 nm), at first the geometry effect pushes the hole state towards the wider QW region, but at 9 nm the alloy disorder effect again dominates and leads to the electron and hole states being outside of the wider QW region. In Ref.
[29, Section S5], we have discussed the impact of small variations in w for a second case with n=4, concluding that the alloy disorder effects overall dominate the impact of QW width variations.
CONCLUCIONS
Based on large-scale atomistic tight-binding calculations, we have shown a strong influence of the alloy disorder effects on the electronic and optical properties of GaBi x As 1−x /GaAs MQW devices. The direct comparison of ordered and disordered QW structures provides a quantitative estimate of the disorder related energy shifts in the electron and hole ground states as well as the character of their confinements. We show that the electron states in MQWs are also perturbed by the fluctuations in Bi atom positions, in contrast to the existing studies for bulk and single QWs which suggest that the conduction band states are negligibly impacted by disorder. For the studied disordered MQW structures, we compute a ban-gap reduction of 53-75 meV per % Bi, which is in good agreement with the reported experimental range of 53-84 meV per % Bi. Based on five sets of random configurations of Bi atoms for each MQW device, we estimate a 10-40 meV broadening of the highest hole state energy and an order of magnitude broadening of the TE mode transition strength between the lowest electron state and the highest hole state. We also consider small variations in the geometry parameters of MQW structures consistent with the experimental growth uncertainties, and conclude that the effects of disorder are independent of such variations. The presented results provide critical insights for the understanding and designing of MQW devices based on novel characteristics of bismide materials and will be useful for a wide range of applications in photonics, photovoltaics, thermoelectric areas of research.
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Supplementary Material Section S1. The effect of supercell size on electron and hole energies
The size of supercell is an important parameter to accurately model the effects of alloy disorder. In our previous study [14] , we have probed supercell size effect on the character of hole states, which indicated that a supercell size containing 4096 or more atoms is crucial to understand the alloy properties. Here we extend that study to larger size of supercells containing up to 512000 atoms and investigate the variation in the lowest electron and the highest hole energies. The supercell contained 3.125% Bi atoms. We also simulate five different random configuration of Bi atoms for each supercell size and compute inhomogeneous broadening (∆λ) of the electron and hole energies. The computed results are plotted in Fig. S1 . Our calculations indicate that when the supercell size is increased from 8000 atoms to 512000, the electron energies and the associated broadening only negligibly vary. On the other hand, the variation in the hole energies is approximately within 10 meV. The broadening of hole energies is also computed as approximately 27 meV which is consistent with supercell size and is also in good agreement with the measured value [12, 14] . Based on our results, we conclude that a supercell size of 8000 atoms captures the alloy properties with reasonably good accuracy without demanding extensive computational resources.
S2.
Charge densities for single quantum well devices Figure S2 plots the charge densities for single QW devices as a function of the distance along the (001) axis. For a direct comparison, we show both ordered and disordered (three different random configurations of Bi atoms) charge density plots. From the ordered QW simulation, the plots of charge density closely resemble to what we expect from envelope wave function approximation methods. Both electron and hole states are symmetrically confined, with hole confinement being slightly stronger due to the associated heavier mass.
When the alloy disorder is introduced in the QW regions, the electron wave function is weakly affected and retains some characteristic of the envelope-type approximation. However the hole wave function exhibits a strong perturbation and is heavily confined in the QW region. This is expected because the Bi related resonance states are predicted to lie below the valence band edge of the GaAs material and strongly interact with the valence band through bandanticrossing interaction [13? ]. Therefore the effect of Bi pairs and clusters will strongly modify the hole energies and the confinement of hole states.
S3.
Charge densities for ordered double quantum well structures Charge density plots for the triple and quadruple QW structures with ordered distribution of Bi atoms in the QW regions are shown in Fig. 2 of the main text. Here we show the same plots for double QW structures. Overall the character of the electron and hole ground states is consistent with what we expect from strongly coupled MQWs. At small values of QW separation, the two QWs are strongly coupled and therefore the electron and hole states form hybridized molecular states. For large separation, the coupling between the QWs becomes weak and therefore the electron and hole states tend to confine in individual QW regions. We find that coupling vanishes much quickly for the holes states and at d=16 nm, the ground hole state is nearly entirely confined in a single QW region. On the other hand, the electron state is still weakly coupled even at 16 nm and turn into a completely decoupled state at about 24 nm separation.
S4. Charge densities for disordered MQW structures
The confinement of electron and hole wave functions in disordered MQW structures is strongly modified by the presence Bi pairs and clusters. Therefore it is expected that the charge density plots will exhibit drastically different confinements as a function of fluctuations in Bi positions. To demonstrate this effect, in this section we have considered three different random configuration of Bi atoms for each MQW structure and plotted the corresponding electron and hole charge densities as a function of the distance along the (001) axis. The random Bi configurations are labelled by R 1 , R 2 , and R 3 . Figs. S5, S6, and S7 show plots for MQW structures with n=2, 3, and 4, respectively. The charge density plots clearly show the strength and nature of alloy disorder effects on the character of electron and hole states in MQW devices. Overall we deduce the following important insights which are expected to be critical to understand future experimental measurements:
1) The inter-well coupling effect is completely vanished for the hole states, which are strongly confined in only one QW region for all values of n and d. Furthermore, the selection of a particular QW region for hole confinement is entirely arbitrary and is dependent on strength of disorder for that particular QW region.
2) The electron states still exhibit inter-well coupling effects but this effect is significantly weakened by the disorder. For 3) From the ordered MQW structures, we have found that the inter-well coupling for electron states vanishes for d=24 nm. However due to disorder related weakening of coupling, typically at 16 nm separation we find that the electron states are confined in individual QW regions and therefore exhibit no coupling effect.
S5. Interplay between alloy disorder and geometry parameters
In the main text of the paper, we have investigated the role of alloy disorder in the presence of small fluctuations in Bi composition x and width of QW w for a three quantum well structure with 4 nm separation between the QW regions. In this section, we study a second case where similar changes in x and w are introduced for a four QW structure with 4 nm separation between the QWs.
Let us first investigate the effect of Bi composition. Fig. S7  (a) shows the plot of electron and hole charge densities for reference case when all the four QWs have same 3.125% of Bi atoms. The alloy disorder dictates the confinement of hole state in the upper most QW region where as the electron state is weakly hybridized and mainly present in the upper two QWs. To check the extreme case, we increase the Bi composition of the lowest QW region in (b) and (c). The increased Bi composition of the lowest QW means it should now host the electron and hole states. However our calculations indicate that the hole state remains confined in the upper most QW region thus implying a strong alloy disorder effect which overcomes the Bi composition effect. The electron state however is slightly shifted towards the lower QW region as it experiences weaker impact from the alloy disorder.
In Figs. S7 (d-f) , we investigate the effect of QW width variations. In part (e), we plot the reference case where all of the four QWs have uniform (8 nm) widths. When the width of a QW region is decreased (increased), the electron and hole states should move out (inside) that QW region. However in part (d), the hole state is moved inside the lowest QW region despite its smaller width of 7 nm. This is because the smaller width of QW would lead to a larger number of Bi pairs and clusters thus increasing the strength of alloy disorder which in spite of QW width induced energy shift confines the hole state in smaller width QW. On the other hand, when the lowest QW width is increased to 9 nm (in part f), the hole state is still confined in the uppermost QW region and the small change in hole energy is not sufficient to overcome the larger change from the alloy disorder. Overall these results clearly show that the alloy disorder is dominant over the ±1 nm fluctuations in the QW width. S10. (a-c) The Bi fraction of a four QW device (n=4) is varied as indicated by the labels {x1, x2, x3, x4}, where x1,x2, x3 and x4 are the Bi fractions of the lowest to the topmost QW regions, respectively. The widths w of all QWs are 8 nm and the separation between the QWs is 4 nm. (d-f) The width of the lowest QW in a four QW structure (n=4) is varied as indicated by the labels {w1, w2, w3, w4}, where w1,w2, w3, and w4 are the widths of the QWs from the lowest to the topmost, respectively. The Bi fraction x of all QWs is 3.125% and the separation between the QWs is 4 nm.
